Extraembryonic ectoderm differentiation and chorioallantoic attachment are fibroblast growth factor (FGF)-and transforming growth factor ␤-regulated processes that are the first steps in the development of the placenta labyrinth and the establishment of the fetal-maternal circulation in the developing embryo. Only a small number of genes have been demonstrated to be important in trophoblast stem cell differentiation. Erf is a ubiquitously expressed Erk-regulated, ets domain transcriptional repressor expressed throughout embryonic development and adulthood. However, in the developing placenta, after 7.5 days postcoitum (dpc) its expression is restricted to the extraembryonic ectoderm, and its expression is restricted after 9.5 dpc in a subpopulation of labyrinth cells. Homozygous deletion of Erf in mice leads to a block of chorionic cell differentiation before chorioallantoic attachment, resulting in a persisting chorion layer, a persisting ectoplacental cone cavity, failure of chorioallantoic attachment, and absence of labyrinth. These defects result in embryo death by 10.5 dpc. Trophoblast stem cell lines derived from Erf dl1/dl1 knockout blastocysts exhibit delayed differentiation and decreased expression of spongiotrophoblast markers, consistent with the persisting chorion layer, the expanded giant cell layer, and the diminished spongiotrophoblast layer observed in vivo. Our data suggest that attenuation of FGF/Erk signaling and consecutive Erf nuclear localization and function is required for extraembryonic ectoderm differentiation, ectoplacental cone cavity closure, and chorioallantoic attachment.
The ets gene family of transcription factors is characterized by the common winged-helix DNA binding domain and has been implicated in a wide range of processes, most commonly lymphoid differentiation and oncogenesis (for reviews see references 3, 29, 52, 55, and 57). The other common characteristic of the ets domain proteins is that they are regulated by extracellular signaling, mainly the receptor tyrosine kinase (RTK)/ mitogen-activated protein kinase pathway (63, 65) .
Erf is an ets domain transcriptional repressor (56) that is regulated by the RTK/ras/erk pathway via subcellular localization as a result of its specific interaction (45) and phosphorylation by Erk1/2 (36) . It has been shown that it can suppress ets-and ras-induced transformation in fibroblasts (35) , suggestive of its role within the RTK/ras signaling pathway. In the absence of Erk activity Erf is nuclear and can suppress fibroblast proliferation in a retinoblastoma-dependent manner, providing another link in RTK signaling and cell cycle. However, its in vivo function remains elusive.
The presence of multiple ets domain proteins in any cell at all times (27) and their ability to interact with similar DNA sequences as monomers hinders the effort to decipher the biological role of specific ets genes. However, recent genetargeting approaches have been valuable in this regard. Homozygous deletion of three members of the ets family in mice, GABP␣ (50) , Ets2 (69) , and Elf5 (12) , have been shown to affect early placenta development, while a fourth one, TEL, has been shown to affect yolk sac angiogenesis (67) . Two more ets genes, Pea3 and Erm, induce male sterility, making the reproductive process the most common target of this family of transcription factors (5, 34) .
The inner cell mass and the trophoectoderm are the first two distinguishable cell layers during embryogenesis. Trophoectoderm cells give rise to the first organ formed in mammalian development, the placenta. Considerable insight has been gained in the last few years on the mechanisms and genes involved in cell fate determination during placenta development. The plethora of mutant mouse lines that exhibit placental defects is the primary reason for our increased understanding of placenta development. More than 100 genes have been shown to affect proper trophoblast stem cell (TSC) maintenance and differentiation to the cell types that constitute the placenta (for reviews see references 51 and 59) .
TSC self-renewal and proliferation depends on fibroblast growth factor (FGF) and transforming growth factor ␤ (TGF␤) family members, and these factors have been used successfully to derive TSCs from mouse blastocysts (2, 14, 15, 25, 62, 64) . Cdx2 is the first gene that determines trophoectoderm identity (41) and, together with Eomes (53) , Err␤ (40) , and Elf5 (12) , is required for extraembryonic ectoderm (ExE) development. Trophoectoderm gives rise to the chorion, ectoplacental cone, and giant cell layers. The spongiotrophoblast layer arises from the ectoplacental cone and contributes to the giant cell layers, while the chorion gives rise to the labyrinth layer after the attachment with the embryo-derived allantois. Cdx2, Eomes, and Err␤ are also required for chorion development, while Mash2 (23) and Tpbpa are required for proper ectoplacental cone development. Tpbpa is also required for spongiotrophoblast differentiation, while Hand1 (17, 47) and Stra13 can promote giant cell differentiation. In contrast to the other placenta layers, very little is known about the differentiation of chorionic cells to the cell types that contribute to making up the labyrinth. Gcm1 is the only gene so far known to be required for differentiation of chorionic trophoblast cells to syncytiotrophoblasts (1) . Chorioallantoic attachment occurs when the mesodermally derived allantois grows from the caudal region of the embryo across the exocoelomic cavity and makes contact with the chorionic mesothelium. This is a critical step required for labyrinth development. VCAM-1 and integrin ␣4 are important mediators of this process (24, 33, 70) , while the TGF␤ and the Wnt signaling pathways have also been implicated in chorioallantoic attachment (30, 44, 64) .
In order to determine the Erf function in vivo, we generated transgenic mice carrying a homozygous mutation of the gene that eliminates Erf mRNA and protein production. These mice die in utero at day 10 due to severe placenta defects. Erf dl1/dl1 embryos fail to undergo chorioallantoic attachment and labyrinth development and instead have an expanded chorion layer that fails to further differentiate. Interestingly, they also fail to close the ectoplacental cone cavity, suggesting that Erf may be the first gene identified that regulates this process. In addition, Erf dl1/dl1 placentas have abnormalities in the giant cell and spongiotrophoblast layers. Erf dl1/dl1 trophoblast stem cell lines have a delayed differentiation compared to wild-type TSCs and fail to express specific differentiation markers.
Our data indicate that Erf, as an effector in the FGF pathway, contributes to the proper differentiation of trophoblast stem cells and is required for the differentiation of chorionic trophoblasts, and they suggest that proper chorion differentiation is necessary for chorioallantoic attachment and ectoplacental cone cavity closure.
MATERIALS AND METHODS
Cell lines. PrmCre embryonic stem (ES) cells (42) were maintained on a monolayer of ␥-irradiated neomycin-resistant primary embryonic fibroblasts in knockout Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 15% fetal calf serum (FCS) (HyClone), 0.1 mM nonessential amino acids, 0.2 mM L-glutamine, 0.1 mM 2-mercaptoethanol, and 1,000 U/ml leukemia inhibitory factor (Chemicon).
TSCs from 3.5-days-postcoitum (dpc) blastocysts were derived and maintained in 70% mouse embryo fibroblast condition medium, 30% RPMI supplemented with 20% fetal calf serum, 25 ng/ml FGF4, and 1 g/ml heparin as previously described (62) . Differentiation was induced by plating 10 5 cells in 60-mm-diameter plates and replacing the medium 24 h later (day 0) with 85% RPMI, 15% FCS.
Targeting. A 7-kb NotI genomic Erf region covering exons 2 to 4 and the 3Ј untranslated region (39) was used to construct the targeting vector. An 890-bp AvrII/BamHI fragment spanning exons 2, 3, and 100 bp from exon 4 was replaced with the 1.4-kb XbaI/SalI fragment of pL2neo vector (22) containing the neomycin resistance gene flanked by loxP sites. A 7.5-kb SalI fragment was inserted into the pBSTK9 vector (60) , which contains two thymidine kinase genes of the herpes simplex virus flanking the point of insertion. The targeting vector was linearized and electroporated into 10 7 ES cells. Transfected ES cells were selected in 0.3 mg/ml G418 (GIBCO-BRL) and 2 M ganciclovir, and 179 drug-resistant ES clones were isolated 7 days later and analyzed.
Generation of chimeric mice. Chimeric mice were generated by microinjection of two independent ES clones, no. 130 and no. 169, into 3.5-dpc C57BL/6 blastocysts and implantation into pseudopregnant CD1 foster females (26) . Chimeric males with high levels of chimerism were mated to CBAxC57BL/6 and 129/Sv females to produce mice heterozygous for the Erf mutant allele (Erf dl1 ). The PrmCre ES cells contained the Cre recombinase gene driven by the protamine, resulting in Cre-mediated deletion of the neo gene cassette in the germ line of male chimeras. Erf tdl1/ϩ mice were intercrossed to generate the homozygous Erf dl1/dl1 mice. Both no. 130 and no. 169 ES clones gave rise to Erf-deficient animals that exhibited identical phenotypes. All mice were maintained in a specific-pathogen-free animal facility at the Institute of Molecular Biology and Biotechnology.
Timed pregnancies, dissections, and histological analysis. Heterozygous male and female mice (Erf dl1/ϩ ) were bred to obtain wild-type (Erf ϩ/ϩ ), heterozygous (Erf dl1/ϩ ), and homozygous (Erf dl1/dl1 ) mutant mouse embryos. Pregnant females were sacrificed at different stages of development. Uteri were removed and immersed in phosphate-buffered saline (PBS). Placentas were dissected and fixed in 4% paraformaldehyde in PBS overnight at 4°C, while embryos or yolk sacs were kept for genotyping or further examination. For hematoxylin and eosin staining placentas were dehydrated, embedded in paraffin wax, and cut into 7-m sections (31) . Whole-mount staining of yolk sac with hematoxylin was performed using standard protocols. Placentas used for cryosections were fixed in 4% paraformaldehyde overnight at 4°C, incubated with 30% sucrose in PBS overnight, embedded in OCT (Tissue Tek), and snap-frozen in dry ice-cooled 2-methylbutane. Placentas were stored at Ϫ80°C. Sections of 7 m were cut on a cryostat, adhered to superfrost slides, air dried, and stored at Ϫ80°C. Tissues were dissected under a Leica MZ12 stereoscope, photographed with a Leica MPS40 camera, and processed with Adobe Photoshop software.
DNA analysis. Genomic DNA was analyzed by PCR using the primers p1, 5Ј-ATGCCCATACGGTTACTCTCA-3Ј, located in Erf intron 1; p2, 5Ј-AGAA GCACCCTTGAACACAGA-3Ј, located 3Ј of Erf outside the targeting vector; and p3, 5Ј-ACAGCAGAGAAGAGAGAAGAG-3Ј, located in exon 4 (Fig. 1A) . For Southern blots, genomic DNA was digested with EcoRI or BamHI and hybridized with probes derived from the 5Ј (1.5-kb EcoRI/XbaI fragment) and the 3Ј (0.6-kb PvuII fragment) flanking sequences or the internal 1-kb BamHI/ SacI fragment (Fig. 1A) .
RNA analysis. Total RNA was isolated using TRIzol reagent (Invitrogen) by following the manufacturer's instructions. For Northern analysis, 5 g of RNA per lane was analyzed. The BamHI/SacI fragments from exon 4 of Erf (Fig. 1A) , Pl1 (7), Eomes (6), and GAPDH (18) were used as probes.
For quantitative PCR (QPCR), the RNA was treated with DNase (Ambion) reverse transcribed with superscript II and oligo(dT) primers (Invitrogen) and amplified with SYBR Green-containing kits (Stratagene and QIAGEN) on an Mx3000P instrument (Stratagene). In all cases the manufacturers' protocols were followed.
The following primers were used for cDNA amplification: Cdx2, TCTCCGABoth sense and antisense probes from the 1.1-kb BamHI/SacI fragment (exon 4) and a 1-kb SacI/XbaI fragment (3Ј untranslated region) of Erf were prepared, and the presence of specific signal with the antisense Erf probes only was verified (see Fig. S1 in the supplemental material). Antisense RNA probes for Pl1 (7), Tpbpa (37) , Err␤ (40) , Gcm1 (4), and Tef5 (28) have been described previously. The riboprobes were labeled with digoxigenin-11-UTP or fluorescein-12-UTP (Roche).
Protein analysis. Cryosections were air dried and fixed with methanol/acetone (1:1) for 10 min at Ϫ20°C. The sections were washed twice with PBS, blocked with 5% FCS, 3% bovine serum albumin for 30 min at RT, incubated overnight at 4°C with the 16-g/ml CD106 rat monoclonal antibody (Pharmingen), washed, and incubated for 1 h at RT with anti-rat antibody-Alexa 555 (Molecular Probes). The sections were blocked consecutively with 5% normal rat serum and incubated overnight at 4°C with 25 g/ml CD49d biotinylated rat monoclonal antibody (Pharmingen), washed, and incubated for 45 min at RT with dichlorotriazinylaminofluorescein)-conjugated streptavidin (Jackson). The nuclei were stained with To-Pro3 (Molecular Probes). Immunofluorescence analysis was performed using the TCS-NT laser scanning microscope (Leica) and analyzed with the Leica confocal software.
For immunoblotting, cell extracts were analyzed with an anti-Erk1/2 rabbit polyclonal antibody (Cell Signaling) or an anti-phospho-Erk1/2 monoclonal antibody (Sigma) and the corresponding secondary antibodies conjugated with horseradish peroxidase (Jackson). All antibodies were diluted in 25 mM Tris-150 mM NaCl-3 mM KCl-0.01% Tween 20.
RESULTS

Targeted disruption of the Erf gene in mice.
To analyze the role of the Erf gene in vivo, we generated Erf-deficient mice by homologous recombination in ES cells. The Erf-targeting vector was designed to delete exons 2 and 3 and part of exon 4, encoding the ets DNA-binding domain, which is essential for the repressor activity of the protein (Fig. 1A) (56) . The deleted genomic fragment also included five of the six splicing sites, minimizing the possibility of alternatively spliced products. This fragment was replaced with a loxP-flanked neomycin cassette to avoid potential transcriptional interference (16, 43) (Fig.  1A) . The targeting vector was electroporated in PrmCre ES cells (42) that contain a Cre recombinase transgene under the control of the Protamine-1 promoter, which is active in the male germ cells and results in the deletion of the loxP-flanked neo gene in F 1 mice. Six of the 179 tested G418-and ganciclovir-resistant clones were found by PCR to have undergone homologous recombination (data not shown). Genome integrity of homologous recombined clones was confirmed by Southern blot analysis using both the 3Ј and 5Ј regions external to the targeting vector probes (Fig.  1B and C) and chromosome count.
Two of the clones, no. 130 and no. 169, were injected into 3.5-dpc C57BL/6 blastocysts, and 20 chimeric mice were produced. Chimeric males derived from both clones were bred to C57BL/6 and 129/Sv wild-type females, and F 1 offspring with agouti coat color were analyzed for germ line transmission of the targeted Erf allele by Southern blotting (Fig. 1D) . Eighty percent of the F 1 mice had undergone Cre-mediated recombination and were used in further experiments.
To ensure that we had generated a null mutation of the Erf gene, Northern blot analysis was performed on RNA isolated Southern blot analysis of genomic DNA from F 1 mice. DNA was digested with BamHI and hybridized to the radiolabeled internal (int) probe. Cre-recombined heterozygous mutant mice (dl1) were identified by the smaller 7-kb fragment, compared to the 8.3-kb mutant fragment of the nonrecombined allele (dl1-neo). The 3-kb band corresponds to the wild-type allele. (E) Southern blot analysis of genomic DNA derived from 9.5-dpc embryos of Erf dl1/ϩ heterozygous mice intercross. The 3-kb band corresponds to the wildtype allele, and the 7-kb band corresponds to the Erf dl1 allele. (F) PCR analysis of genomic DNA derived from visceral yolk sacs of 9.5-dpc embryos from Erf dl1/ϩ intercrosses using p1 and p3 primers. The wildtype allele is identified by the 1-kb band, and the Erf dl1 allele is identified by the 300-bp band. (G) Northern analysis of total RNA extracted from wild-type, heterozygous, and homozygous 9.5-dpc embryos, free of extraembryonic tissues, hybridized with the radiolabeled int probe (upper panel). Loading and integrity of RNA was assessed by ethidium bromide staining of the 28S and 18S rRNA in the gel (lower panel).
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Erf KNOCKOUT 5203 from 9.5-dpc independently genotyped embryos. The normal 2.8-kb Erf mRNA transcript was detected in the wild-type embryos and in a half dose in the heterozygous embryos but was absent in the homozygous embryos ( Fig. 1G ).
Analysis of Erf mutant mice. Heterozygous Erf mutant mice (Erf
dl1/ϩ ) in both genetic backgrounds (mixed C57BL/6 and 129/Sv) were normal and fertile and did not show any obvious phenotypic abnormality. However, genotyping of 240 live-born F 2 offspring obtained from 40 litters from heterozygous intercrosses failed to detect any viable homozygotes (Erf dl1/dl1 ), indicating that the mutation is not transmitted in a Mendelian fashion and interferes with normal embryonic development ( Table 1) . Erf dl1/ϩ and Erf ϩ/ϩ mice were recovered in a Mendelian ratio, as expected for a recessive embryonic-lethal mutation ( Table 1 ). The genotypes of offspring from heterozygous intercrosses were determined by PCR and confirmed by Southern blot analysis (Fig. 1E) .
To determine the time point at which Erf dl1/dl1 embryos were dying, we analyzed the genotypes of embryos derived from heterozygous intercrosses at various stages of embryonic development. PCR analysis of postimplantation embryos dissected 8.5, 9.5, and 10.5 dpc showed that homozygotes were obtained with approximately Mendelian frequency ( Fig. 1F ; Table 1 ). Morphological examination of 10.5-dpc homozygous embryos showed that 22 (out of 23) embryos were dead, suggesting that Erf function is required for viability prior to this stage ( Fig. 2A , panels c and d; Table 1 ). By 11.5 dpc, homozygote frequency deviated from the Mendelian ratio. Of 28 embryos analyzed at this stage, 3 Erf dl1/dl1 embryos were in a highly degenerative state and 5 resorptions were observed, the genotype of which could not be determined ( Table 1) .
Analysis of Erf lethality. In order to identify the basis of embryonic lethality in Erf dl1/dl1 embryos, we performed morphological and histological analysis of embryos and extraembryonic tissues at stages 8.5 and 9.5 dpc. By 8.5 dpc Erf dl1/dl1 embryos were normal compared with their control littermates. In contrast, by 9.5 dpc 17 out of 21 Erf dl1/dl1 embryos were smaller in size and weight than their control littermates, though they were in the same developmental stage as determined by somite number (Fig. 2A, panels a and b) . These embryos also showed defects in the head region, with forebrain, midbrain, and hindbrain hypoplasia. In a smaller number (10%) of Erf dl1/dl1 embryos a highly congestive edema bilateral to the head was observed (see Fig. S2 in the supplemental material). Also, 7% of the Erf dl1/dl1 embryos had not completed the closure of the neural tube. In other structures, like the branchial arches, otic vesicles, eye primordia, anterior limb bud, and heart, we did not notice any apparent abnormalities in Erf dl1/dl1 embryos. However, all the Erf dl1/dl1 embryos already exhibited extensive apoptosis at 9.5 dpc, indicative of their detrimental fate (see Fig. S9 in the supplemental material). A few nondegenerated embryos at 10.5 dpc were dead and anemic ( Fig. 2A, panels c and d) .
It is unlikely that the embryonic abnormalities could account for the Erf dl1/dl1 embryo lethality. Embryonic lethality at midgestation often is the result of failure to establish and maintain a vascular circulation between the mother and the fetus, including those mediated by the yolk sac and the chorioallantoic placenta (8) . The mouse yolk sac sustains maternal and fetal nutrient exchange until 9.5 dpc. Also, the yolk sac is the site of primary hematopoiesis and blood vessel formation from clusters of blood islands that, during vasculogenesis, fuse to form a primitive capillary plexus followed by angiogenesis (48, 49) . Whole-mount examination of 9.5-dpc yolk sacs revealed that the large vitelline vessels are formed in the wild type and heterozygotes (Fig. 2B, panel a) , whereas only a primary vascular network was visible in Erf dl1/dl1 yolk sacs (Fig. 2B,  panel b) . Also, in contrast to the wild type and heterozygotes, Erf dl1/dl1 yolk sacs appeared pale. Whole-mount staining with hematoxylin indicated that the collecting vessels formed, but they were larger and failed to form secondary branches and a well-organized vascular network (Fig. 2B , panels c and d). Histological analysis of cross-sections of 9.5-dpc yolk sacs showed that disruption of Erf function did not prevent blood island formation containing primitive nucleated red blood cells (see Fig. S3 in the supplemental material). Histological examination of sections of 9.5-dpc embryos indicated that circulation between yolk sac and embryo proper vasculature had not been disrupted. The viability of Erf dl1/dl1 embryos up to 10 dpc suggested that the observed yolk sac abnormalities could not account for the embryonic lethality but may reflect a hypoxia/stress-induced phenotype.
Erf dl1/dl1 embryos have severe placenta abnormalities. The mortality in Erf dl1/dl1 embryos observed after 10 dpc coincides with the establishment of chorioallantoic circulation. Histological analysis of Erf dl1/dl1 placentas showed severe defects in their development and morphogenesis compared to the wildtype and heterozygote littermates. In wild-type placentas chorioallantoic attachment had been completed by 8.5 dpc, followed by folding of the chorionic plate (Fig. 2C, panel a) . In Erf dl1/dl1 placentas, the allantois had reached the chorion and appeared to make contact but failed to attach. The chorion remained intact and retained its compact structure, characteristic of earlier stages (Fig. 2C, panel b) . The ectoplacental cone cavity that is normally closed by 8.0 dpc persisted and became wider in later stages. In contrast to the wild type, Erf dl1/dl1 placentas also exhibited a smaller spongiotrophoblast layer.
At 9.5 dpc, in wild-type placentas (Fig. 2C , panels c and cЈ) allantoic mesoderm and underlying fetal blood vessels interdigitated with chorion trophoblast cells, and simple branches were formed that elongated and bifurcated to establish the labyrinthine layer. In Erf dl1/dl1 placentas (Fig. 2C , panels d and dЈ), the chorioallantoic interface did not form and the chorion of the Erf dl1/dl1 placentas retained a compact structure. In addition, the ectoplacental cone cavity remained open, and spongiotrophoblast and giant cell layers were severely disorganized. Erf dl1/dl1 placentas also exhibited a decreased spongiotrophoblast and an expanded giant cell layer (see Fig. S4 in the supplemental material).
By 10.5 dpc in wild-type placentas, maternal sinuses and embryonic blood vessels intermingled and came into close proximity (Fig. 2C, panel e) , umbilical cord vessels were formed from the allantoic blood vessels, and chorioallantoic circulation was evident. In contrast, Erf dl1/dl1 placentas (Fig.  2C, panel f) maintained the same morphology as in the earlier stage. Also, in Erf dl1/dl1 placentas the umbilical cord did not form from allantoic vessels, which appeared collapsed. In addition, Erf dl1/dl1 placentas exhibited extensive hemorrhageforming pools of blood in both the ectoplacental cone cavity and the allantoic compartment.
These data strongly suggest that the embryonic mortality of Erf dl1/dl1 embryos is due to their failure to establish a functional chorioallantoic circulation. . At 9.5 dpc allantoic blood vessels invade the chorion layer in wild-type placentas (arrowheads in panels c, cЈ), but in the Erf dl1/dl1 placentas the chorion retains a compact structure, the labyrinth is totally absent (dЈ), and the ectoplacental cone cavity is still present (panel d, asterisk). At 10.5 dpc in wild-type placentas, maternal and embryonic blood vessels (panel e, arrow and arrowhead, respectively) intermingle and come to close apposition. In contrast, Erf dl1/dl1 placentas appear degenerative, with extensive hemorrhagic sites (panel f, arrows). al, allantois; ch, chorion; dec, decidua; gc, giant cells; lb, labyrinth; sp, spongiotrophoblast; uc, umbilical cord. Yellow dotted lines indicate the boundaries of the placenta.
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Erf KNOCKOUTErf exhibits a distinct pattern of expression in the developing placenta. To determine if the chorion-specific phenotype of Erf is associated with the expression of the gene, we analyzed its expression in both embryonic and extraembryonic tissues. In the developing placenta, Erf expression was examined from the onset of gastrulation at 6.5 dpc to 15.5 dpc of fetal development. In contrast to its ubiquitous expression in the embryo and adult (data not shown), Erf exhibited a very restrictive pattern in the developing placenta. By 6.5 to 7.5 dpc, Erf mRNA could be detected in the ExE (Fig. 3A, a, B, and b) . At 8.0 dpc its expression was restricted in the ExE and the ExE derivative ( Fig. 3C and c) . At 8.5 dpc it could be detected throughout the chorionic ectoderm ( Fig. 3D and d) , and at 9.5 dpc it could be detected throughout the diploid chorion trophoblast cell layer and some of the labyrinthine trophoblasts ( Fig. 3E and e) but not in differentiated cells expressing Gcm1 (see Fig. S5 in the supplemental material). During 10.5 to 12.5 dpc, a more restricted pattern of Erf expression was detected in the chorion trophoblast cells and labyrinthine trophoblast cells (Fig. 3F, f, G, and g ). Expression at these sites decreased at 13.5 dpc and ceased after 15.5 dpc (Fig. 3H, h, I , and i).
Interestingly, Erf transcripts were not detected in the ectoplacental cone or its derivative, the spongiotrophoblast layer, or in giant cell layer. In contrast to the placenta, Erf expression could be detected at low levels throughout the embryo proper, in the endoderm of the yolk sac, and in allantois. The Erf expression pattern would be consistent with the embryonic and extraembryonic defects noticed in Erf dl1/dl1 embryos and would suggest a role in chorion cell regulation.
Failure of chorioallantoic attachment. To further elucidate the apparent failure of the chorioallantoic attachment observed by histological analysis in Erf dl1/dl1 placentas, we performed immunohistochemical staining for VCAM1 and its counterreceptor integrin ␣4, both found in genetic studies to play indispensable roles during chorioallantoic attachment. VCAM1 is expressed by the mesothelial cells of the allantois, while integrin ␣4 is expressed by the chorionic mesoderm, a cell layer that lines the chorionic ectoderm (24, 33, 70) . Immunostaining of sections from 8.5-and 9.5-dpc placentas revealed that the disruption of Erf does not affect VCAM1 and integrin ␣4 expression, and both molecules were expressed from the respective cell types in Erf dl1/dl1 conceptuses (Fig.  4A) . In wild-type placentas, the allantois attached to the entire surface of the chorionic plate by 8.5 dpc (yellow staining in Fig.  4A, panel a) . In contrast, in Erf dl1/dl1 placentas, despite the proximity of chorion and allantois, colocalization of VCAM1 and integrin ␣4 could not be detected (Fig. 4A, panel b) . The possibility of a chorioallantoic attachment delay in Erf dl1/dl1 placentas was assessed at 9.5 dpc. Although allantois had spread across the chorion, attachment was not evident (as determined by yellow color) and spaces between the chorion and allantois were present (Fig. 4A, panel d) . In contrast, in wild-type placentas by 9.5 dpc chorioallantoic attachment sites had been broken down and allantoic vasculature had penetrated to the chorion, as shown by the detection of VCAM1 both at the chorion layer and at the allantoic compartment (Fig. 4A, panel c) (13) . In Erf dl1/dl1 placentas, the allantoic mesoderm differentiated into vascular structures, as evidenced by the expression of PECAM, but did not penetrate the chorion as occurred in the wild-type placentas (Fig. 4B) .
These data suggest that Erf is required for chorioallantoic attachment, though it does not appear to directly affect the formation of the cell types mediating this interaction.
Erf function is necessary for chorionic trophoblast cell differentiation. Placenta abnormalities observed during histological analysis were further characterized by RNA in situ hybridization and the expression of specific markers for different placenta cell types. The giant cell layer, as assessed by the expression of Pl1 (placental lactogen-1), which marks the secondary giant cells, was not affected at 8.5 dpc (Fig. 5A , panels a and e). In contrast, the giant cell layer was significantly expanded in Erf dl1/dl1 placentas at both 9.5 (Fig. 5B , panels a, aЈ, e, and eЈ) and 10.5 (Fig. 5C , panels a and e) dpc compared with wild-type placentas. The spongiotrophoblast cell layer, as assessed by the expression of Tpbpa, was greatly reduced in Erf dl1/dl1 placentas at 8.5 dpc (Fig. 5A , panels b and f), 9.5 dpc (Fig. 5B, panels b , bЈ, f, and fЈ), and 10.5 dpc (Fig. 5C , panels b and f). In order to determine if the reduced size of the spongiotrophoblast layer was due to impaired cell proliferation, we examined the incorporation of 5-bromo-2Ј-deoxyuridine into DNA in spongiotrophoblast cells. We found that there was not a significant difference in cell proliferation of spongiotrophoblast cells between Erf dl1/dl1 and wild-type placentas (see Fig. S6 in the supplemental material). The labyrinth formation in Erf dl1/dl1 placentas was assessed by the expression of Tef5, which is normally expressed in chorion trophoblast cells and from syncytiotrophoblasts (28) . Tef5 expression was undetectable in 9.5-dpc (Fig. 5B, panels d , dЈ, h, and hЈ) and 10.5-dpc (Fig. 5C, panels d and h ) Erf dl1/dl1 placentas, consistent with the absence of the labyrinth.
To determine if the absence of labyrinth formation and the persistence of a compact chorion layer in Erf dl1/dl1 placentas were related to possible differentiation defects, we assessed the expression of trophoblast markers for these layers. Expression of Err␤, a marker for trophoblast stem cells, extraembryonic ectoderm, and chorionic ectoderm (40) placentas. In wild-type placentas at 8.5 dpc, Err␤ was detected only in the free margins of the chorion, whereas in Erf dl1/dl1 placentas it could be detected throughout the chorionic ectoderm (Fig. 5A, panels d and h ) and persisted until 9.0 dpc (data not shown), suggesting a delayed differentiation of chorion trophoblast cells.
We further assessed the defects in ExE differentiation and labyrinth formation by Gcm1 expression. Gcm1, which is normally expressed in a subset of chorion trophoblast cells where chorioallantoic folding will start at 8.5 dpc (1), is totally absent from Erf dl1/dl1 placentas (Fig. 5A , panels c and g). By 9.5 dpc Gcm1 was expressed from syncytiotrophoblast cells of the forming labyrinth and arrested chorion trophoblast cells in wild-type placentas, but it could not be detected in Erf dl1/dl1 placentas (Fig. 5B, panels c, cЈ, g, and gЈ) . It was also absent from 10.5-dpc Erf dl1/dl1 placentas (Fig. 5C , panels c and g), consistent with the lack of chorioallantoic attachment and labyrinth development.
To determine if the lack of labyrinth is a result of the lack of chorioallantoic attachment or defective chorion cell differentiation, we examined Gcm1 expression at 8.0 dpc, before chorioallantoic attachment. In wild-type placentas speckled Gcm1 expression, suggestive of the chorion patterning (10), was evident. In contrast, in Erf dl1/dl1 placentas Err␤ was evident throughout the chorion, but we were unable to detect any Gcm1 expression (Fig. 6) .
The prolonged expression of Err␤ and the absence of Gcm1 suggest that the defect in ExE differentiation precedes chorioallantoic attachment and may be responsible for the Erf dl1/dl1 phenotype.
Erf affects TSC differentiation. To determine if the changes in differentiation of various placental cell layers were due to cell-autonomous defects in the trophoblast lineage, we studied the phenotype of Erf dl1/dl1 trophoblast stem cell lines derived from wild-type and Erf dl1/dl1 blastocysts and examined the expression of Erf and lineage-specific markers during differentiation. Erf was expressed in proliferating wild-type TSCs, and its expression was initially increased during differentiation and decreased when the cells were terminally differentiated to giant cells ( Fig. 7A and B) . Interestingly, Erf expression was increased while Erk activity was decreased (Fig. 7C) , suggesting not only higher Erf levels but higher levels of transcriptionally active nuclear Erf that could alter the transcription program of these cells. In the absence of Erf, TSCs could differentiate in vitro towards giant cells, similar to the wild-type cells (see Fig. S7 and S8 in the supplemental material). However, in contrast to the wild-type TSCs, all four Erf dl1/dl1 TSC lines
analyzed exhibited a delayed differentiation, as evidenced by the 10-to 20-fold higher levels of the TSC-specific markers Cdx2, Eomes, and Err␤ 2 to 4 days after growth factor withdrawal ( Fig. 7D and E) . The other striking finding was that the expression of the spongiotrophoblast-specific marker Tpbpa in Erf dl1/dl1 TSCs was 15-to 100-fold lower than that of the wild-type TSCs (Fig. 7F) . TS cells do not differentiate towards syncytiotrophoblasts in vitro; thus, the role of Erf in this branch could not be determined. However, the delayed differentiation and the near absence of spongiotrophoblast cells support our in vivo findings and suggest that Erf, in addition to its paramount role in chorion cell FIG. 5 . Expression of cell type-specific markers in the developing placenta. (A) In situ hybridization was performed on frozen sections from 8.5-dpc wild-type (WT) (a to d) and Erf dl1/dl1 (e to h) placentas with antisense RNA probes for Pl1, Tpbpa, Gcm1, and Err␤. Expression of Pl1 is unaffected in Erf dl1/dl1 placentas (a and e). Expression of Tpbpa is reduced in Erf dl1/dl1 placentas (b and f). Gcm1, which is expressed in a subset of chorionic trophoblast cells in wild-type placentas, is absent from Erf dl1/dl1 placentas (c and g). Err␤ is expressed (arrowheads) at the margins of the chorion in wild-type placentas, while in Erf dl1/dl1 placentas (h) it is detected throughout the chorion (d and h). (B) In situ hybridization on sections from 9.5-dpc wild-type (a to d) and Erf dl1/dl1 (e to h) placentas with probes for Pl1, Tpbpa, Gcm1, and Tef5. Expression of Pl1 in Erf dl1/dl1 placentas reveals an expansion of trophoblast giant cell layer (e and eЈ). Expression of Tpbpa shows a reduced spongiotrophoblast cell layer in Erf dl1/dl1 placentas (f and fЈ). Gcm1 is expressed in syncytiotrophoblasts of the labyrinthine layer and in chorionic trophoblast cells in wild-type placentas (c and cЈ) but is not detectable in Erf dl1/dl1 placentas (g and gЈ). Tef5 is expressed in syncytiotrophoblasts and in labyrinthine trophoblasts in wild-type placentas (d and dЈ) but is not present in Erf dl1/dl1 placentas (h and hЈ). (aЈ to hЈ) Magnification of the indicated regions (white rectangles) from panels a through h, respectively. (C) In situ hybridization on sections from 10.5-dpc placentas as described for panel B. The giant cell layer remains expanded (a and e), the trophoblast cell layer is disorganized (b and f), and the sycytiotrophoblast cells (c, g, d, and h) are missing in Erf dl1/dl1 animals. dec, decidual; al, allantois; lb, labyrinth; sp, spongiotrophoblasts; gc, giant cells. Dotted lines indicate the boundaries of the placenta.
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DISCUSSION
ets family genes share a common DNA binding domain that recognizes a purine-rich sequence and have been implicated in a number of biological processes, most commonly the reproductive and the immune systems as well as in tumorigenesis. The overlapping expression pattern of these genes (27) makes the determination of the biological function of specific ets domain genes difficult.
In order to elucidate the function of Erf, a ubiquitously expressed ets domain gene with transcriptional repressor activity that is regulated by Erks, we generated mice with a targeted Erf deletion that inactivates the gene. Erf dl1/dl1 animals are embryonic lethal due to severe placenta defects. Our data indicate that Erf dl1/dl1 embryos fail to complete chorion cell differentiation and undergo chorioallantoic attachment. 
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They therefore fail to form the labyrinth layer of the placenta, which is the layer critical by midgestation for nutrient exchange between the maternal and fetal circulation. In addition, they fail to close the ectoplacental cone cavity and have an expanded giant cell layer and a diminished spongiotrophoblast layer, while quite often they are hemorrhagic. Thus, although other causes cannot be absolutely excluded, failed placentation appears to be the reason for embryonic death. Analysis of Erf dl1/dl1 trophoblast stem cells in conjunction with the expression pattern of Erf and the Erk activity in the developing placenta (9) suggests that Erf may have a dual role in the differentiation of TSCs (Fig. 8) . The kinetics of Erf dl1/dl1 TSC differentiation, the prolonged expression of the ExE marker Err␤ in Erf dl1/dl1 placentas, and the defects in specific placenta layers that do not express detectable levels of Erf suggest that Erf may be important for regulating the timing and/or balance of TSC differentiation. This is consistent with a role as a downstream FGF/Erk effector, the major TSC-regulating pathway.
Erf appears to be absolutely required for the differentiation of the chorion trophoblast cells. By 7.5 dpc Erf is expressed specifically in these cells at a time when the Erk activity is absent (9), facilitating its nuclear accumulation and function. Thus, Erf may define a new intermediate in trophoblast differentiation that does not express any of the stem cell markers (Cdx2, Eomes, and Err␤) or terminal differentiation markers (Gcm1 and Tef5). In the absence of Erf these cells fail to properly differentiate, as suggested by the absence of Gcm1 and persistence of Err␤ expression, and they continue to proliferate (see Fig. S6 in the supplemental material), suggesting that nuclear Erf may actively promote chorionic trophoblast differentiation.
The most striking characteristic of the Erf absence is the total failure of the chorioallantoic attachment. Chorioallantoic attachment is the first necessary step in labyrinth morphogenesis (11), and key interacting proteins such as VCAM1 and integrin ␣4 are required for the proper contact of the allantois with the chorion, interdigitation, and the development of the labyrinth. Erf is expressed in both the allantois and the chorion at this time, and its loss could be affecting either or both sites. In the Erf dl1/dl1 embryos both structures appear normal by 8.5 dpc, they express VCAM1 and integrin ␣4, and they are in close proximity. However, we could not detect colocalization of VCAM1 and integrin ␣4 or the consecutive interdigitation that is found in the wild-type placentas. The molecular mechanism by which Erf affects chorioallantoic attachment is not clear at this point. TGF␤ and Wnt signaling are known to affect this process (30, 44, 64) . However, the allantois, the chorionic mesoderm, and the expression of specific proteins, such as VCAM1, integrin ␣4, Flk1, and PECAM, appear normal in Erf dl1/dl1 embryos, suggesting that Erf may not directly interfere with these structures.
A unique characteristic of the Erf dl1/dl1 placentas is the apparent failure to close the ectoplacental cone cavity, a step required in placenta development (66) . Expansion of the basal ectoplacental cone layer and the ExE layer leads to the closure of the cavity. Erf is the only gene that appears to affect this process thus far. The diminished spongiotrophoblast layer in Erf dl1/dl1 placentas as well as the dramatically decreased expression of Tpbpa during Erf dl1/dl1 TSC differentiation suggests that ectoplacental cone-derived cells may be responsible for this defect, supporting the hypothesis that Erf may affect proper commitment of TSCs. Although the specific ExE cell population that contributes to the ectoplacental cone cavity closure is not currently identifiable, the expression of Erf in the ExE and the chorion suggests that it may also be expressed in these cells. Thus, it is plausible that the Erf dl1/dl1 defect in ExE differentiation may also affect the chorionic contribution in the closure of the cavity. The absence of Erk activity from the chorion and its presence in the ectoplacental cone at this stage (9) indicate that loss of Erf, which would reproduce some aspects of persisting FGF signaling, is more likely to affect the ExE contribution in the cavity closure. The expanded cavity between the chorion and spongiotrophoblast layer, usually observed around 9.5 dpc, that quite often leads to placenta disruption could be a secondary event resulting from the maternal blood concentration that fails to circulate properly due to the lack of labyrinth development. A final defect in the Erf dl1/dl1 placentas is the decreased spongiotrophoblast layer and the expanded giant cell layer. We could not detect Erf expression in either of these layers. Thus, these abnormalities may result either from the defects of the chorion layer or from a defect in TSC commitment during differentiation. Both cases have been reported in the past. Loss of the Lpl (19) or the Esx1 (38) gene affects these two layers, though these genes are not expressed in the spongiotrophoblast and the giant cell layers. However, a more plausible hypothesis is the defective differentiation of a common ectoplacental cone precursor, as suggested by Simmons and Cross and supported by the phenotype of genes like Mash2 (23), Chorioderemia (58) , and Keratin 8/19 (61) that have opposing effects in these two cell layers. Our data on the delayed in vitro differentiation of the TSC lines as well as the dramatically low levels of spongiotrophoblast marker Tpbpa suggest that Erf may indeed affect the differentiation of a common precursor. The state of FGF/Erk signaling is not known in this hypothetical common precursor; thus, the mechanism of Erf function cannot be deciphered at this stage. We examined the proliferation (see Fig. S6 in the supplemental material) and apoptosis (see Fig. S9 in the supplemental material) rates in Erf dl1/dl1 placentas to determine if the observed changes are the results of altered proliferation or death. Our data indicate that they cannot account for the decreased spongiotrophoblast layer and the increased giant cell layer. Although marginal Erf expression in these two layers cannot be excluded, our data support the hypothesis of a common precursor, the differentiation of which is affected by Erf.
Our hypothesis about the function of Erf in the developing placenta is that it mediates lack of FGF signals. In Erf dl1/dl1 animals the attenuation of FGF4/Erk signaling, normally observed by 7.5 dpc in the chorion (9) , that would allow Erf nuclear localization and function is disrupted. The absence of nuclear Erf is perceived as the presence of mitogenic signal that blocks ExE differentiation, and immature cells still occupy the chorion (Fig. 8) . These cells fail to contribute to ectoplacental cone cavity closure. Signals from these cells or lack of required signals from the now absent, more differentiated chorion cells block chorioallantoic attachment and result in the halt of the whole process. In either case, our data suggest that chorion trophoblast cell differentiation is a prerequisite for chorioallantoic attachment.
FGF signaling has been shown to be a major pathway in TSC proliferation and differentiation. In addition, the FGF pathway plays an important role in ExE differentiation and labyrinth development (68) . Many key components of the pathway, such as Grb2 (54) , Sos (46), B-Raf (20) , and Mek1 (21), exhibit defects in labyrinth development, mostly in proper branching and angiogenesis. However, at the time of labyrinth development the Erk activity is undetectable in this layer (9) , suggesting either that prior commitment of the cells is necessary for proper differentiation or that Erk-dependent signals from other areas of the developing embryo are required for proper labyrinth development. In either case defects in the Erk activation pathway should not reproduce the Erf dl1/dl1 phenotype, since they should result in Erf nuclear accumulation and transcriptional repression rather than loss of Erf function. On the other hand, it is unclear if Erf is contributing to the labyrinth phenotype of FGF pathway mutants, since Erf dl1/dl1 placentas do not reach the branching stage. However, our data strongly suggest that the elimination of Erk activity from the ExE that would allow Erf to enter the nucleus and exert its transcriptional control is also required for placenta development. This would be an additional indication that proper temporal and special Erk activity is paramount for placenta development and suggest that attenuation of FGF signaling is also important in placenta development.
In addition to the placental defects, the yolk sac appears to have some anomalies. Although the role of Erks in angiogenesis is established, it is not clear if the defects observed in yolk sac arteries are related to Erk signaling (32, 71). As mentioned above, loss-of-function mutations in the Erk pathway cannot be recapitulated by Erf loss. However, in the absence of animals with constitutive active Erk, we cannot exclude at this point an angiogenic effect of Erf within the Erk signaling pathway. It is common, though, for placental defects to result in apparent yolk sac anomalies around 9.5 dpc as a consequence of the attempt to compensate for the lack of chorioallantoic circulation and the resulting hypoxia and stress (see Fig. S10 in the supplemental material). Thus, the increased number of blood islands and size of main arteries could be the result of the need for additional nutrients. The increased number of blood islands could also disrupt the apparent secondary vein network of the yolk sac. Such changes in the yolk sac have also been observed in some Gcm1 mutant conceptuses as well (J. Cross, unpublished observations).
The apparent defects in the embryo proper, as in the case of the decreased size, may also be due to the lack of labyrinth development. It is a common side effect of the placental defects, a result of malnutrition of the embryo as evidenced by the dramatic elevation of Hif1a expression (see Fig. S10 in the supplemental material). Placental defects are usually associated with cardiovascular defects in the embryo proper. However, in the case of 9.5-dpc Erf dl1/dl1 embryos the cardiovascular system appears unaffected (see Fig. S11 in the supplemental material). It is unclear at this point if Erf loss results in additional defects in the embryo proper. Given the ubiquitous expression of the gene and its regulation by a major signaling pathway, this should not be excluded. Additional experiments are required to address this issue.
In conclusion, our data indicate that Erf is required for chorion cell differentiation and suggest that chorion differentiation is a prerequisite for chorioallantoic attachment. They also indicate that it has a role in trophoblast stem cell balance in lineage commitment and support the hypothesis of a common precursor for giant and trophoblast cell layers. They support the dominant role of the FGF/Erk signaling pathway in placenta development and suggest that its attenuation is required for chorion differentiation. Finally, they provide evidence that Erf may be the first gene identified to affect ectoplacental cone cavity closure and suggest that specific differentiation steps are required for this process, rather than simple spatial expansion of the adjacent layers.
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